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ER stressDengue viruses (DENVs) generally induce apoptosis in mammalian cells but cause only minor damage in
mosquito cells. To ﬁnd genes involved in determining the cell fate, datasets derived from expressed sequence
tags (ESTs) of C6/36 cells with and without infection were established. Of overexpressed genes found in
infected dataset, chaperone proteins were validated signiﬁcantly upregulated in C6/36 cells at 24 hpi. It
suggests that DENV-2 in mosquito cells activates the unfolded protein response to cope with endoplasmic
reticular stress. Changes in the mitochondrial membrane potential and generation of superoxide provided
further evidence that DENV-2 induces oxidative stress in both C6/36 and BHK-21 cells. Signiﬁcant elevation
of glutathione S-transferase (GST) activity was shown in infected C6/36, but not BHK-21, cells, while
suppression of GST produced superoxide at 36 hpi and increased the cell death rate at 48 hpi. This indicates
that mosquito cells protect themselves against viral infection through antioxidant defenses.h and Parasitology, College of
33332, Taiwan. Fax: +886 3
n).
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The dengue virus (DENV) is an important mosquito-borne disease
in many tropical and subtropical countries, and causes dengue fever
and occasionally dengue hemorrhagic fever (DHF) and dengue shock
syndrome (DSS) (Gubler, 2002). The genome of the DENV, a member
of the family Flaviviridae, contains a single-stranded positive-sense
RNA of ~11 kilobases (kb) in length (Lindenbach and Rice, 2003). It
possesses an m7G cap at the 5′-end and is non-polyadenylated at
its 3′-end (Lindenbach and Rice, 2003). Within host cells, viral
RNA directly translates into a single polyprotein that is subsequently
cleaved into three structural proteins and seven nonstructural
proteins (Rey et al., 1995). The process is carried out by the combined
action of host proteases and the trypsin-like viral NS2B/NS3 serine
protease (Murthy et al., 2000).
Some cellular proteins, such as translation elongation factor-1
alpha, are known to interact with speciﬁc regions of viral RNA during
replication within host cells (Blackwell and Brinton, 1995; Li et al.,2002; Warke et al., 2003). It was reported that viruses invading a host
cell redirect cellular processes to meet the needs of viral propagation
(Frolova et al., 2002), leading to the induction of novel changes in
gene expression as shown in human umbilical vein endothelial cells
infected by the DENV virus (Warke et al., 2003). The change in a host
cell's translational machinery, e.g., conformation of the 40S ribosomal
subunit, was also conﬁrmed after infection with the hepatitis C virus
(HCV) (Spahn et al., 2001). Moreover, the cell type may play a role
in determining unique characteristics of the virus. For example,
DENV derived from mosquito cells relatively differ from those from
dendritic cells; those from dendritic cells speciﬁcally expressing
ICAM3-grabbing non-integrin (DC-SIGN) molecules are more infec-
tive toward mammalian host cells (Tassaneetrithep et al., 2003).
The concept of expressed sequence tags (ESTs) was created nearly
two decades ago (Boguski et al., 1993); the derived libraries are
now powerful tools for gene discovery, mapping, and analysis of
quantitative traits. ESTs are short subsequences of complementary
(c)DNA sequences, which are obtained by large-scale screening of
randomly selected clones from cDNA libraries constructed from
cellular messenger (m)RNA (Boguski et al., 1993). Unigenes (the
representing sequence for a gene) derived from contigs (a set of
overlapping ESTs) or singletons (a single copy of EST) can thus be
identiﬁed. This technique eventually accelerated the pace of dis-
covering genes involved in cell functions and responses to environ-
mental changes, e.g., viral infections.
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patients (Gil et al., 2004). It is known that dengue viral infection
activates the unfolding protein response (UPR) to cope with endo-
plasmic reticular (ER) stress in vertebrate cells (Jindadamrongwech
et al., 2004; Umareddy et al., 2007; Yu et al., 2006). This provides a
defensive mechanism for cell survival during ER stress (Townsend,
2007), leading to the possibility of completing viral replication
from RNA synthesis to virion assembly. As mentioned, unfolded or
misfolded proteins that build up in the ER require chaperones to
enhance their capacity of folding (Ma and Hendershot, 2004). Thus,
viral proteins that accumulate in the ER may be treated as improperly
folded proteins; therefore, defective ER folding of viral proteins
must be avoided in order for them to reach their correct destination
(Schröder and Kaufman, 2005). The induced UPR during viral
infection eventually creates cellular conditions beneﬁcial for viral
infection (Yu et al., 2006). However, even when the UPR is activated,
ﬂavivirus-infectedmammalian cells ultimately face apoptosis through
effects of ER stress (Yu et al., 2006) or a mitochondrion-mediated
caspase 3-dependent pathway (Townsend, 2007). This may result in
changes in the mitochondrial membrane potential (MMP) and more-
intensive reactive oxygen species (ROS) in such cells (Boya et al.,
2002; Ruiz-Laguna et al., 2000); cells can cope with these changes by
increasing the activities of enzymes such as glutathione S-transferase
(GST), a member of a family of enzymes that play important roles
in cellular detoxiﬁcation of xenobiotics (Maity et al., 2008). The
expression of GST was reported to be upregulated in response to
DENV infection in mosquito cells (Lin et al., 2007).
It would be interesting to determine whether a similar response
occurs in cells derived from mosquitoes that are also essential for
viral maintenance in nature. Interactions between mosquitoes and
dengue viruses have attracted more attention (Sanchez-Vargas et al.,
2009), particularly its innate immune responses (Xi et al., 2008).
Thus far, the genomic constitution of Aedes albopictus has not been
extensively investigated, making it difﬁcult to explore molecular
interactions of DENV with C6/36 cells, a mosquito cell line commonly
used for arboviral studies. We herein report a panel of EST-assembled
unigenes, hypothetical individual genes, from C6/36 cells in response
to DENV-2 infection. Those involved in cell survival were validated in
this study. We provide evidence that mosquito cells may survive
DENV infection through an antioxidant defense mechanism.
Results
Analysis of ESTs from C6/36 cells in response to DENV infection
In total, 10,244 quality ESTs were generated from two C6/36 cell
cDNA libraries with or without infection with DENV-2. The averageTable 1
Selected transcripts that were up-regulated in C6/36 cells infected by dengue 2 virus for 24
Annotation BlastxNCBI_NR
Conserved hypothetical protein Conserved hypo
Eukaryotic translation initiation factor 4E binding protein (4EBP) Eukaryotic tran
Ornithine decarboxylase antizyme Ornithine decar
Polyprotein Polyprotein
Hypothetical protein LOC310926 Hypothetical pr
Endoplasmin Endoplasmin
60S ribosomal protein L35A/L37 60S ribosomal p
40S ribosomal protein S20 40S ribosomal p
DEAD box ATP-dependent RNA helicase DEAD box ATP-
Hypothetical protein CpipJ_CPIJ002291 Hypothetical pr
60S ribosomal protein L7A 60S ribosomal p
40s ribosomal protein S26 40S ribosomal p
Glucose repression mediator protein-related Hypothetical pr
Molecular chaperones GRP78/BiP/KAR2, HSP70 superfamily Heat shock coglength of the ESTs was 658 bp after quality assessment and trimming
at Q13 (Phred trim cutoff of 0.05). These were assembled into
3876 unigenes which contained 875 contigs and 3001 singletons.
Among them, 2267 and 2189 unigenes were respectively expressed
in the mock- and Den-2 virus-infected cDNA libraries (Supplemental
Table 2).
Through a BLASTx search to ﬁnd genes that were annotated, these
sequences were applied to search all organisms in the NCBI_GenBank
and KOG databases (1121 genes for mock- and 1160 for virus-infected
cells), as well as two mosquito genomes of Ae. aegypti (1137 genes for
mock- and 1045 for virus-infected cells) and Anopheles gambiae (946
genes for mock- and 970 for virus-infected cells). Annotation of the
unigenes based on a sequence-homology search revealed that 1796
unigenes showed signiﬁcant sequence homology with known genes
deposited in public databases (Supplemental Table 2). Among the
generated unigenes, 600 (in addition to seven viral proteins) were
only found in infected cells, while 642 were only found in mock-
infected cells (Supplemental Table 2). Furthermore, we report 74 and
88 newly identiﬁed genes, thosewewere unable to ﬁt into established
mosquito databases, in mock- and virus-infected C6/36 cells,
respectively (Supplemental Table 2).
Annotation of EST sequences
All annotated EST sequences (originating from either mock- or
virus-infected cells) were applied to a gene ontology (GO) analysis to
classify identiﬁed genes into functional categories. The result showed
that 122 unigenes were found to be involved in 38 types of cellular
components, 148 genes were involved in 91 types of biological
processes, and 219 unigenes were related to 137 types of molecular
functions.
The sequences were also applied to the Kyoto Encyclopedia of
Genes and Genome (KEGG) for a pathway analysis (Supplemental
Table 3). Among genes involved in the pathway analysis, metabolism-
related genes were shown to be the most dominant in both the mock-
and virus-infected groups. Furthermore, 12 of these pathways were
more abundant in the mock-infected group while seven were more
abundant in the virus-infected group. Another three pathways were
equal in number between the two groups.
Unigenes with novel differences of increases or decreases
In this study, we selected transcripts which had a 10-copy increase
or decrease for comparison of mRNA expression levels between
mock- and virus-infected C6/36 cells. All selected transcripts with
higher copy numbers in the infected group are listed in Table 1, while
those with lower copy numbers are shown in Table 2. Except forh.
E-value No. of copies
Infected Uninfected
thetical protein 3.00E−37 508 375
slation initiation factor 4EBP 8.00E−60 278 183
boxylase antizyme 1.00E−18 155 117
7.00E−14 25 0
otein LOC310926 2.00E−16 25 0
1.00E−123 19 0
rotein L35A, putative 4.00E−74 30 15
rotein S20 7.00E−61 35 22
dependent RNA helicase 0.00E+00 20 8
otein CpipJ_CPIJ002291 2.00E−29 230 219
rotein L7a 1.00E−96 30 19
rotein S26 3.00E−56 30 19
otein CpipJ_CPIJ002291 6.00E−29 15 5
nate 70 3.00E−36 10 0
Table 2
Selected transcripts that were down-regulated in C6/36 cells infected by dengue 2 virus for 24 h.
Annotation BlastxNCBI_NR E-value No. of copies
Infected Uninfected
60S ribosomal protein 15.5 kD/SNU13, NHP2/L7A family 60S ribosomal protein l7ae 1.00E−55 3 13
FKBP-type peptidyl-prolyl cis-trans isomerase k506-binding protein 4.00E−55 3 14
Cytochrome c oxidase, subunit II, and related proteins Cytochrome c oxidase subunit II 4.00E−84 2 13
Hypothetical protein Hypothetical protein 4.00E−12 1 12
Actin and related proteins Actin 1.00E−132 39 53
ATP synthase F0 subunit 6 ATP synthase F0 subunit 6 4.00E−81 1 15
Ficolin and related extracellular proteins AGAP010772-PA 7.00E−62 19 36
Cytochrome b Cytochrome b 1.00E−159 1 18
Cytochrome c oxidase subunit I Cytochrome c oxidase subunit I 8.00E−159 5 64
Hypothetical protein Hypothetical protein 7.00E−82 5 104
412 T.-H. Chen et al. / Virology 410 (2011) 410–417ribosomal and hypothetical proteins, six each in either group
(upregulated or downregulated) were quantitatively validated.
Genes in the upregulated group increased by a range of 1.62-fold for
those related to glucose repression mediator protein to 5.31-foldFig. 1. Validation, by quantitative real-time reverse-transcriptase polymerase chain
reaction (qRT-PCR), of mRNA with increases (A) or decrease (B) of N10 copies in
mosquito C6/36 cells infected by dengue 2 virus at a multiplicity of infection of 1.
eIF4EBP: Eukaryotic translation initiation factor 4E binding protein; OAZ: ornithine
decarboxylase antizyme; DARH: DEAD box ATP-dependent RNA helicase; GRMP-
related: glucose repression mediator protein related; BiP:GRP78/Bip; endoplasmin:
GRP94/endoplasmin. COXI: Cytochrome c oxidase subunit I; CYB: cytochrome b; COXII:
cytochrome c oxidase, subunit II, and related proteins; FEB: ﬁcolin and related
extracellular proteins; FKBP: FKBP-type peptidyl-prolyl cis-trans isomerase; ATPSF0-6:
ATP synthase F0 subunit 6.for those related to endoplasmin (Fig. 1A). In contrast, those in the
downregulated group, except for ﬁcolin and related extracellular
proteins, in the dataset decreased from 0.56-fold for FKBP-type
peptidyl-prolyl cis-trans isomerase to 0.29-fold for cytochrome c
oxidase subunit I (Fig. 1B).
Unigenes related to ER stress
The GRP78/BiP and GRP94/endoplasmin chaperones which serve
as ER stress sensor proteins were identiﬁed to be upregulated by from
0 to 10 and 0 to 19 copies, respectively, in DENV-2-infected C6/36 cells
at 24 hpi (Table 1). This was further conﬁrmed by a real-time RT-PCR,
which showed 5.20- and 5.31-fold increases for GRP78/BiP and
GRP94/endoplasmin, respectively. Both began increasing after 12 hpi,
while the highest increase appeared at 24 hpi (one-way ANOVA;
pb0.05) (Fig. 2). Despite an ambiguous increase in the copy number
in the EST dataset, another two proteins associated with protein
folding, calreticulin (one from mock- and three from virus-infected
cells), and protein disulﬁde isomerase (PDI) (six from mock- and
eight from virus-infected cells), also showed overexpression levels of
2.34- and 2.35-fold, respectively at 24 hpi (one-way ANOVA; pb0.05)
(Fig. 2).
Evaluation of ER stress
The MMP usually changes due to a mitochondrial permeability
transition, which is an important step in the induction of cellular
apoptosis. As a result, changes in the MMP in virus-infected cells canFig. 2. Expressions of GRP78/Bip, endoplasmin, PDI, and calreticulin at the mRNA level,
measured by quantitative real-time reverse-transcriptase polymerase chain reaction
(qRT-PCR). All genes increases began at 12 h post-infection (hpi) of mosquito C6/36
cells with the dengue 2 virus. Both GRP78/BiP and endoplasmin sharply increased at
24 hpi while the other two genes remained at the level similar to that at 12 hpi.
Fig. 4. Levels of glutathione S-transferase (GST) activity, expressed as relative
ﬂuorescent units (RFU)/min/mg protein, in C6/36 and BHK-21 cells with mock- or
the dengue 2 (Den-2) virus infection (at a multiplicity of infection of 1). GST activity in
C6/36 cells remained relatively stable in mock-infected cells while a signiﬁcant increase
occurred from 15,353 at 12 h post-infection (hpi) to 35,451 at 48 hpi in Den-2 virus-
infected cells. In contrast, GST activity in BHK-21 cells was slightly higher in virus-
infected cells at 24 hpi (7411 for infected vs. 5407 for mock-infected cells); which
sharply decreased in the virus-infected group (2662) compared to the group with mock
infection (4964) at 48 hpi.
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were measured using FACScan ﬂow cytometry, through the FITC
channel for green MitoCapture monomers, in BHK-21 or C6/36 cells
with and without DENV-2 infection. The results showed that the
ﬂuorescence intensity of a proportion of both infected cells increased
at 24 hpi (Fig. 3). However, at 48 hpi, a signiﬁcantly higher number
of infected cells (either C6/36 or BHK-21 cells) showed greater
ﬂuorescence intensity compared to that of mock-infected cells
(Student's t-test; pb0.05), representing an apoptotic signal (Fig. 3).
Activity of GST in virus-infected cells
GST is an essential enzyme that plays an important role of
antioxidant defense in most cells through detoxiﬁcation. Compared
to mock-infected cells, the GST activity was signiﬁcantly higher in
DENV-2-infected C6/36 cells at 24, 36, and 48 hpi (for each time
point; Student's t-test; pb0.05). In contrast to the consistent trend in
mock-infected C6/36 cells, GST activities in DENV-2-infected cells
were 1.01-, 1.74-, 1.81-, and 2.42-fold increase at 12, 24, 36, and
48 hpi, respectively (Fig. 4). The GST activity signiﬁcantly increased
along with time of infection with DENV-2 in C6/36 cells (one-way
ANOVA; pb0.05). Generally, the activity of GST was lower in mam-
malian (BHK-21) cells than mosquito cells. In spite of this, the activity
was slightly higher at 24 hpi (1.37-fold increase) but signiﬁcantly
lower at 48 hpi (0.75-fold increase) in infected BHK-21 cells com-
pared to those measured in mock-infected cells (5407 and 4964 RFU/
min/mg protein at 24 and 48 hpi, respectively) (Fig. 4).
Knockdown of the GST gene in virus-infected cells
The efﬁciency of knockdown of the GST gene through transfection
with miR-GST was evaluated by a real-time RT-PCR. The results
showed that GST expression was reduced to 49% in miR-GST-
transfected C6/36 cells without DENV-2 infection, indicating that aFig. 3. Changes in the mitochondrial membrane potential (MMP) of both BHK-21
and C6/36 cells in response to dengue 2 virus infection at a multiplicity of infection
(MOI) of 1 for 24 and 48 h. Results of FACScan ﬂow cytometry, through the FITC
channel for green MitoCapture monomers, presented the MMP in cells with mock-
(orange line) or dengue 2 virus-infected (blue line). The x- and y-axes of each
ﬁgure represent the ﬂuorescence intensities and cell numbers, respectively. The
results showed that a higher proportion of infected cells presented higher
ﬂuorescence intensity between 24 and 48 hpi in both cell types. Values represent
results of three replicates.51% knockdown efﬁciency was achieved in this system (Fig. 5A).
When C6/36 cells were infected with DENV-2 for 24 h, 0.60- and 3.25-
fold higher GST expressions were seen in those with and without
transfection by mi-R-GST, respectively (Student's t-test, pb0.05)
(Fig. 5B). There 0.65- and 2.44-fold higher expressions of GST
respectively measured in cells at 48 hpi (Student's t-test, pb0.05)
(Fig. 5B).Fig. 5. Knock-down of glutathione S-transferase (GST) in Den-2 virus-infected C6/36
cells with transfection of miR-GST. The knock-down efﬁciency was evaluated by a real-
time RT-PCR. (A) GST expression was reduced to 49.67% in transfected cells without
viral infection. (B) When C6/36 cells were infected by the virus for 24 h, 0.60- and 3.25-
fold changes were shown in those with and without GST knockdown, respectively
(Student's t-test, pb0.05). In contrast, 0.65- and 2.44-fold changes in GST expression
were respectively measured at 48 hpi (Student's t-test, pb0.05).
Fig. 7. The effect of glutathione S-transferase (GST) on the survival of C6/36 cells with
infection by dengue 2 virus (DENV-) at a multiplicity of infection of 1. Cell death was
measured at 12, 24, 36, and 48 h post-infection (hpi) using propidium iodide (PI)
nucleic acid staining. With mock infection in C6/36 cells without GST knock-down, cell
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Superoxide is one of the main reactive oxygen species (ROS) in
cells, and serves as a free radical. Using FACScan ﬂow cytometry,
increased superoxide was detected in BHK-21 cells that were infected
with DENV-2 at 24 and 48 h, indicating the occurrence of oxidative
stress. In total, 10,000 cells were gained from mock- and virus-
infected populations and detected for the ﬂuorescent intensity. The
mean ﬂuorescent intensity, reﬂecting the concentration of superoxide
within cells, between the two groups of cells signiﬁcantly differ at
both time points (1.6-fold increase in virus-infected cells at 24 hwhile
3.38-fold increase at 48 h) (Fig. 6). In C6/36 cells, the mean
ﬂuorescent intensity between the two groups of cells did not
signiﬁcantly differ at 24 and 48 hpi (1.2-fold increase in virus-infected
cells at 24 h while 1.08-fold increase at 48 h) (Fig. 6). In contrast, in
cells in which GST was knocked down, elevated superoxide clearly
appeared at 48 hpi (1.52-fold increase in virus-infected cells) (Fig. 6).
This suggests that GST plays a role in relieving ER stress in C6/36 cells
with DENV-2 infection.death rates were no more than 1.00% for up to 48 hpi. When cells (without GST knock-
down) were infected with the DENV-2 virus, the cell death rate remained below 1.44%
for up to 48 hpi. In the group in which GST was knocked down, death rates of cells
without infection were nomore than 2.43% for up to 48 hpi, while they had increased to
10.45% at 36 hpi and 11.08% at 48 hpi in infected cells.Effects of GST on the survival of infected C6/36 cells through miR-RNAi
Cell death as indicated by arrest at the sub-G1 phase (M1) of the
cell cycle was measured at 12, 24, 36, and 48 hpi using the method
of PI staining (Fig. 7). With mock infection in C6/36 cells without
GST knockdown, cell death rates were 0.23%, 0.63%, 0.34%, and 1.00%
for the four time points, respectively. When cells (without GST
knockdown) were infected with DENV-2, cell death rates remained as
low as 0.19%, 0.45%, 0.56%, and 1.44% for the same time points,
respectively. In the group in which GST was knocked down, death
rates of uninfected cells were 1.91%, 1.31%, 2.44%, and 1.89 for the
time points listed above. In contrast, cell death rates were 2.43% and
1.05% at 12 and 24 hpi, respectively. However, they increased to
10.45% at 36 hpi and 11.08% at 48 hpi. The cell death rate at these two
time points were signiﬁcantly increased (Student's t-test, pb0.05).
This reveals that that GST is important for reducing cell death caused
by oxidative stress in C6/36 cells with DENV-2 infection.Fig. 6. Results of FACScan ﬂow cytometry showing that superoxide was detected in both
BHK-21 and C6/36 cells that were mock- or dengue 2 virus-infected at a multiplicity of
infection of 1 for 24 and 48 h. In BHK-21 cells, the mean ﬂuorescent intensity of virus-
infected cells (119.5 for 24 h post-infection (hpi) and 766.98 for 48 hpi) was obviously
higher than that of mock-infected cells (74.80 for 24 hpi and 226.83 for 48 hpi). In C6/
36 cells, the mean ﬂuorescent intensity of virus-infected cells (539.00 for 24 hpi and
543.33 for 48 hpi) was not signiﬁcantly different from that of mock-infected cells
(446.00 for 24 hpi and 503.67 for 48 hpi). However, the mean ﬂuorescent intensity in
GST-knocked-down cells was 707.67 for virus-infected and 463.00 for mock-infected at
48 hpi, indicating a signiﬁcant difference between the two groups. Values represent the
results of three replicates.Discussion
Until 2007, the year that the full genome of Ae. aegypti was
completely sequenced (Nene et al., 2007), genomic databases
established from Aedes mosquitoes were limited (Bartholomay et al.,
2004). In this study, EST libraries were established from Ae. albopictus-
derived C6/36 cells in response to DENV-2 infection, providing a
good reference database for mining genes, particularly those involved
in regulating viral replication and host cell responses. Recently, more
evidence showed that a cell's fate can differ in response to viral
infection (Helt and Harris, 2005). In nature, both mosquito and
mammalian cells are essential for the propagation of a number of
arboviruses during alternate transmission of the viruses with con-
served host factors (Sessions et al., 2009). As is known, mammalian,
but not mosquito cells, with DENV infection usually undergo
apoptosis due to a shutting down of protein synthesis in host cells
(Courageot et al., 2003); this might be essential for spreading viral
progeny to neighboring cells while evading host inﬂammatory
responses (Benedict et al., 2002).
Recently, virus-induced apoptosis mediated by an unfolded
protein response (UPR) was hypothesized to be a crucial pathogenic
event in viral infection; it creates conditions beneﬁcial for an eventual
viral infection. In general, newly synthesized secretory or membrane-
bound proteins are unable to fold properly in the ER, leading to
induction of ER stress and subsequent elicitation of an UPR (Yoshida,
2009). Unfolded or misfolded proteins retained in the ER may
consequently be degraded by ER-associated degradation (ERAD)
(Brodsky, 2007; Malhotra and Kaufman, 2007), indicating that ER
stress is normally autoregulated through UPR pathways to adjust the
ER's capacity to cellular demands (Hendrick and Hartl, 1995), by way
of translation attenuation and activation of other speciﬁc pathways
(Schröder and Kaufman, 2005).
In mosquito cells infected by Den or other arboviruses, persistent
infection usually occurs without the evidence of deleterious effects
(Chen et al., 1994; Newton et al., 1981; Zárate and Novella, 2004). This
implies that regulations which rectify the cell fate of apoptosis in
mammalian cells may differ from those in mosquito cells (Zárate and
Novella, 2004). It recently became clear that some ER chaperonesmay
also be involved in signaling an ER stress response, by targeting
incompletely folded or misfolded proteins for degradation; this may
415T.-H. Chen et al. / Virology 410 (2011) 410–417be shut down when the stress subsides (Ma and Hendershot, 2004).
Herein, two UPR-related genes, GRP78/BiP and GRP94/endoplasmin,
were found to be highly upregulated in infected mosquito cells, based
on an EST dataset established in this study. Meanwhile, more-
intensive superoxide (particularly O2•−) was identiﬁed in infected
cells, indicating that ER stress in such cells is actually induced in
response to DENV-2 infection.
Although ambiguous elevation of another two chaperone-like
proteins, PDI and calreticulin, occurred in the EST dataset, both were
overexpressed starting from 12 hpi in C6/36 cells with DENV-2
infection. Calreticulin generally binds Ca2+ ions to remain in an
inactive state in ER (Michalak et al., 1998). It functions as a molecular
chaperone and serves as a component of the ER quality control
machinery, binding misfolded proteins to prevent them from being
exported from the ER to the Golgi apparatus (Danilczyk et al., 2000).
Overexpression of calreticulin was reported to protect cells from
apoptosis (Mery et al., 1996). PDI is one of a group of folding catalysts
(Ni and Lee, 2007), and possesses the ability to bind calcium, although
it is relatively weak, but it has a high binding capacity (Lebeche et al.,
1994;Macer and Koch, 1988). In fact, it is one of themost abundant ER
proteins and maintains a sentinel function in organizing accurate
protein folding, implying that it is a chaperone as well (Townsend,
2007; Wang and Tsou, 1993).
In this study, virion maturation was shown to likely be processed
in an ER-related membrane-bound structure; which was mentioned
in West Nile virus- (Ng et al., 1994) and Kunjin virus-infected
mosquito cells (Ng, 1987). In C6/36 cells, a few virions appeared as
early as 6 hpi, but a large number were produced at 24 hpi in the form
of a paracrytalline array. This parallels the trend of virions released
into the culture ﬂuid according to virus titers measured from the
culture ﬂuid. We further demonstrated that the MMP in DENV-2-
infected mosquito cells eventually changed. However, infected cells
continue growing, implying that an anti-ER stress factor might be
involved during the process of viral replication in mosquito cells
(Boya et al., 2002). This implies that mosquito cells trigger a pathway
that protects infected cells from death; which might be how Aedes
mosquitoes resist to dengue virus infection.
Activation of the UPR to cope with ER stress in the early phase of
viral infection was shown in various vertebrate cells (Jindadamrong-
wech et al., 2004; Umareddy et al., 2007). However, ﬂavivirus-
infected mammalian cells ultimately face apoptosis through effects
of ER stress (Yu et al., 2006) or a mitochondrion-mediated caspase
3-dependent pathway (Deng et al., 2008). In general, cytochrome
c oxidase plays a role in stress-induced apoptosis (Kadenbach et al.,
2004). Some genes related to electron transport were examined in
this study. In particular, the expressions of several genes including
cytochrome b, and cytochrome c oxidase subunits I and II signif-
icantly decreased. This revealed that apoptosis signaling is exhibited
in mosquito cells infected with DENV-2. However, apoptosis is
usually not the fate of mosquito cells as occurs in mammalian cells.
This prompted a striking thought that rescue activity may occur,
following the UPR, that allows mosquito cells to survive a viral
infection. The present study provides evidence that the activity of
GST increases in mosquito cells; that is essential for the antioxidant
defense (Maity et al., 2008) and is normally upregulated in response
to DENV-2 infection in mosquito cells (Lin et al., 2007). In the
meantime, C6/36 cells in which GST was knocked-down produced
superoxide at least 12 h earlier, implying that it is a defense
mechanism of the cell against the harmful effects of ROS derived
from oxidative stress (Stehbens, 2004). More importantly, GST-
knocked-down C6/36 cells showed a higher rate of apoptosis,
revealing that this enzyme plays a signiﬁcant role in preventing cell
death. Since GST activity did not increase along with infection in
BHK-21 cells, this antioxidant defense mechanism may speciﬁcally
function in mosquito, but not mammalian, cells (Zárate and Novella,
2004).Materials and methods
Virus and cell culture
DENV-2 (New Guinea C strain) was propagated in Ae. albopictus-
derived C6/36 cells, which were cultured in minimal essential
medium (MEM; GIBCO™, Invitrogen, Carlsbad, CA, USA) supplemen-
ted with 10% fetal bovine serum (FBS), 2% non-essential amino acids,
2 g/ml Hepes (Sigma, St. Louis, MO, USA), 2.2 g/ml sodium bicarbon-
ate (NaHCO3), and 0.4% of an antibiotic–antimycotic at 28 °C in a
closed system. The virus was titrated as previously described in baby
hamster kidney (BHK-21) cells (Liu et al., 2004), which were
maintained in MEM containing 10% FBS, 2% non-essential amino
acids, 2.2 g/ml NaHCO3, and 0.4% of an antibiotic–antimycotic
(GIBCO™, Invitrogen) at 37 °C in a 5% CO2 atmosphere.
Cell infection and RNA extraction
C6/36 cells (~1×107 cells/tube) were harvested and centrifuged at
3000 rpm and 4 °C for 10 min. After removing themedium, the DENV-
2 suspension or medium (with mock infection used as the control)
was added to the tubes at a multiplicity of infection (MOI) of 1 for
incubation at 28 °C for 1 h with gentle agitation every 15 min. Then
the viral suspensionwas removed by centrifugation, and pelleted cells
were seeded and incubated at 28 °C for 24 h. The RNA extraction and
reverse-transcription polymerase chain reaction (RT-PCR) procedures
were performed as previously described (Lin et al., 2007). In brief,
total RNA was isolated from both mock- and DENV-2-infected C6/36
cells using the Trizol reagent (Invitrogen) following the protocol in
the manual provided by the manufacturer, in order to construct a
cDNA library.
cDNA library construction and DNA sequencing
Total RNA extracted using the standard Trizol reagent (Invitrogen)
was treated with DNase I to hydrolyze contaminated genomic DNA.
PolyA+ RNA was subsequently isolated using the PolyA+ tract mRNA
isolation kit (Promega, Madison, WI, USA). cDNAs primed with oligo-
dT were synthesized using a ZAP-cDNA synthesis kit and directionally
cloned into the EcoRI and XhoI sites of a Uni-ZAP XR vector
(Stratagene, La Jolla, CA, USA). The quality of the constructed
unidirectional cDNA libraries was assessed by a colony PCR using 96
randomly picked clones to determine the average insert size and
percentage of clones without inserts. Plasmids were excised in vivo
from the cDNA libraries using a helper phage and transformed into
Escherichia coli DH10B (Invitrogen) as described by the manufacturer
(Stratagene). Individual transformants were picked and grown over-
night in LB medium containing IPTG and X-Gal. Plasmid DNA was
isolated and puriﬁed for nucleotide sequencing. Single-pass sequenc-
ing of the 5′-end of the cDNA fragment was carried out with the
T3 primer using the ABI PRISM BigDye Terminator Cycle Sequencing
Kit (Applied Biosystems, Foster City, CA, USA). The sequencing
products were resolved and analyzed on ABI 3730XL DNA sequencers
(Applied Biosystems).
Data processing
The sequence trace ﬁles obtained were examined by the Phred
algorithm for base calling with default parameters (Ewing and Green,
1998; Ewing et al., 1998). Vector sequences were masked using the
Crossmatch program. cDNA sequences that were longer than 100 bp
were used for the cluster analysis using the Phrap algorithm (available
at http://www.phrap.org) and the Paracel Transcript Assembler
(Paracel) with default parameters. Assembled contigs and singletons
were manually evaluated by the Vector NTI Suite (Invitrogen) to
insure clustering reliability. The gene expression level was deﬁned as
416 T.-H. Chen et al. / Virology 410 (2011) 410–417the number of reads in the assembled unigenes which contained
contigs and singletons. To annotate the ESTs derived from both
infected and uninfected C6/36 cells, BLASTx was used to search the
NCBI non-redundant protein database and Swiss-Prot database
(Altschul et al., 1990). Sequences with an e-value of ≤10−10 were
considered to have a signiﬁcant sequence homology to known
proteins.
Gene validation and quantiﬁcation by real-time RT-PCR
cDNAs reverse-transcribed from extracted RNA infected or
uninfected C6/36 cells were subjected to a real-time RT-PCR for
gene validation and quantiﬁcation, using the primer pairs listed in
Supplemental Table 1. The thermal cycling protocol included 10 min
of AmpliTaq activation at 95 °C and 40 cycles of ampliﬁcation
consisting of 15 s of denaturing at 95 °C and 60 s of annealing-
extension at 60 °C. Threshold cycle (Ct) numbers were established
using SDS 1.1 RQ software (BioRad). As an internal control, levels of
18S rRNA designed from the genome of Ae. albopictuswere quantiﬁed
in parallel with speciﬁc genes (Shih et al., 2010). Results are expressed
as the relative quantities of each target gene. Thus, each unit dif-
ference in the relative quantities indicates a 2-fold difference in gene
expression, given that during each ampliﬁcation cycle, there was a
doubling of gene products.
Detection of the MMP in virus-infected cells
In a comparison of differences in the MMP, it was measured using
FACScan ﬂow cytometry in BHK-21 or C6/36 cells with and without
DENV-2 infection. The method was implemented using a MitoCap-
ture™ mitochondrial apoptosis detection kit, following the protocol
provided by the manufacturer (BioVision, Mountain View, CA, USA).
In brief, both infected and uninfected cells were pelleted and then
resuspended in 1 ml of diluted solution of MitoCapture mentioned
above. The cells were incubated at 28 °C for 15–20 min, and then
centrifuged at 500×g. Following resuspension of cells in 1 ml of pre-
warmed incubation buffer, the sample was quantiﬁed by ﬂow cy-
tometry (FACScalibur, Mountain View, CA, USA).
Construction of a microRNA-based (miR) RNA interference (RNAi)
vector for knockdown of the GST gene
The approach followed a protocol to generate a double-stranded
oligo as a tool of miR RNAi (Invitrogen). The miR RNAi sequence to
knock down the GST gene (miR-GST) was generated by annealing the
top- and bottom-strand oligos containing the linkers (top: 5′TGCTG…
3′; bottom: 5′CCTG…C3′), the mature miR-GST antisense target
sequence, the loop sequence, and the sense target sequence (5′
cgtgatgtgcctggagggaat3′), forming double-stranded (ds)oligos (top
strand: tgctgattccctccaggcacatcacggttttggccactgactgaccgtgatgtctg-
gagggaat; bottom strand: cctgattccctccagacatcacggtcagtcagtggc-
caaaaccgtgatgtgcctggagggaatc). The constructed dsoligos were
subsequently ligated to a miRNA cassette in the pcDNA™6.2-GW/
EmGFP-miR vector. This miRNA cassette contained a murine miR-155
ﬂanking sequence which enhances miRNA formation in mammalian
cells as well. In addition, there was a reporter gene, EmGFP, upstream
of the miRNA cassette to facilitate selection of successfully transfected
cells. The insert containing both EmGFP and miR-GST was ampliﬁed
by PCR using the primer pair (EcoR1-mi-F: AAAGAATTCCTAGTTAAGC-
TATCAACAAGTTTG and mi-R-Notl: TTTGCGGCCGCATCAACCACTTTG-
TACAAGAAAG) and inserted into the pAC5.1-miR-neo vectors which
were then transfected into C6/36 cells. Subsequently, transfected cells
were selected by treatment with G418 (Sigma) and sorted four times
by FACScan ﬂow cytometry in sequence. Transcript changes of the GST
gene in cells, either transfected or not, were validated by real-time RT-PCR by using the forward (GST-RTF: ACCGAGGATTATGCCAAGATG)
and reverse primers (GST-RTR: TCGCACAAATACTGGAGGATG.).
Detection of superoxide in virus-infected cells
Themonolayer of C6/36 cells (with or without transfection of miR-
GST) infected by DENV-2 at an MOI of 1 in a Petri dish (10 cm in
diameter) was washed with phosphate-buffered saline (PBS; pH 7.3),
and then treated with trypsin-EDTA for 5 min. One milliliter of PBS
containing 10% FBS was added to the dish, and cells were incubated
with 10 μM dihydroethidium (Sigma-Aldrich, St. Louis, MO, USA) at
28 °C in the dark for 30 min. Cells were then harvested and subjected
to analysis by a ﬂuorescence (excitation at a wavelength of 535 nm
and emission at 610 nm)-activated cell sorter (FACScalibur, Becton
Dickinson, Immunoﬂuorometry Systems, Mountain View, CA, USA).
Assay for GST activity
The monolayer of C6/36 or BHK-21 cells formed in a Petri
dish (10 cm in diameter) was infected by the DENV-2 at an MOI of
1. After being washed twice with PBS, cells were harvested by
scraping at 12-h intervals until 48 h post infection (hpi) and then
centrifuged at 2500 rpm for 5 min. Collected cells were ultrasonicated
in sample buffer as shown in the GST Fluorometric Activity Assay Kit
(BioVision), followed by centrifugation at 10,000 g for 15 min at 4 °C.
The supernatant was then harvested to evaluate GST activity using
the protocol provided by the manufacturer of the kit. GST activity
measured by this methodwas expressed as relative ﬂuorescence units
(RFU) per min per mg protein (RFU/min/mg protein).
Cell death measured with propidium iodide (PI) nucleic acid staining
C6/36 cells (~2×106 cells/ tube) with or without transfection of
miR-GST were collected and infected with DENV-2 at an MOI of 1. At
12, 24, 36, or 48 hpi, cells (both infected and uninfected) were
harvested and centrifuged at 1000 rpm and 4 °C for 5 min. After the
suspension was removed, the cell pellet was ﬁxed in ice-cold 70%
ethanol in a −20 °C freezer for at least 1 h. Cells were centrifuged
again at 1500 rpm and 4 °C for 5 min, and washed with PBS after the
ﬁxation solution had been discarded. These cells were treated with
0.5% Triton X-100 and 0.05% RNase A (Sigma) in PBS for 1 h at 37 °C.
After a ﬁnal centrifugation, pelleted cells were stained with 50 μg/ml
of PI (Sigma) in PBS at 4 °C for 20 min and then stored in the dark. The
cellular DNA content wasmeasured usingModFit LT software vers. 3.0
(Verity Software House, Topsham, ME, USA) through a FASCan ﬂow
cytometer (BD Biosciences, San Jose, CA, USA).
Statistical analysis
Comparisons between two means were analyzed by Student's t-
test, while three or more means from the time course study were
analyzed by one-way analysis of variance (ANOVA) at a signiﬁcance
level of 5%.
Supplementarymaterials related to this article can be found online
at doi:10.1016/j.virol.2010.12.013.
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